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ABSTRACT

Williams Burnett, Mia Laverne, M.S, Department of Chemistry, Wright State University,
2020. Exploring the Multiplex Detection Capabilities of Raman Spectroscopy on Mock
Street Samples Containing Illicitly Manufactured Fentanyls

Illicitly manufactured fentanyls (IMFs) have become a global and local epidemic
and have recently caused an increase in the number of accidental exposures and
overdoses in first responders and the community. The aim of the research is to explore a
method to discriminate between IMFs and cutting agents in mock street samples using
Raman Spectroscopy. Predominant Raman bands corresponding to the structural moieties
of each individual illicit, licit drugs, and cutting agents were tracked, then used to
discriminate between varying components in a mock street sample. In conclusion,
discrimination between the components in the mixture was obtained using Raman
Spectroscopy. The inquiry will provide the basis for a viable method in the prevention of
accidental exposures and overdoses in first responders and the general public.
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PREFACE
In 1960, Dr. Paul Janssen of Janssen Pharmaceuticals developed an analgesic pain
medication called Fentanyl as an answer to medical pain relief. Fentanyl has been used as
a schedule II pain medication until it became illicitly manufactured. To date, there are
over 34 illicitly manufactured fentanyls.

In 1999, the Opioid epidemic began with the first wave of illicitly manufactured
fentanyls. Wave two began in 2010 with diversion control, and wave three with the
heroin epidemic. In 2019, the accidental exposure of first responders treating overdose
victims drastically increased.

In response to the opioid epidemic, the Chemistry department at Wright State
University developed an LC-MS-MS method of detection in post-mortem samples. The
main goal of this research is to detect IMFs in mock street mixtures, and to explore
development of a potential method to prevent accidental exposure and overdose of first
responders and innocent bystanders.

ix

ACKNOWLEDGEMENTS

Words cannot express my appreciation for Dr. Ioana Pavel. Thank you for
believing in me and encouraging me to pursue my dreams. Dr. Pavel is a fantastic
mentor, and I am glad that she agreed to be my advisor and mentor through the next
phase of my education as I pursue my PhD. I couldn’t have asked for a better advisor.

It was an honor working with my research team. Thank you for the dedication and
professionalism Marie-Chantal Dusabe, Josh Stanley, Whitney Danet White. Thank you
Jessica Williams, Patrick Graska, and Caitlyn Harris, for the support and helping to
complete phase one of the project. Thank you, Dan Foose, for implementing the
chemometric model for the project. This could not have been done without you all.

The following administrative offices played a huge role in initiating the research through
collaboration:
Department of Chemistry, Wright State University
Environmental Health and Safety, Wright State University: Dr. Marjorie Markopoulos:
Boonshoft School of Medicine, Wright State University: Dr. Raminta Daniulaityte
United States Drug Enforcement Administration, Diversion Control
Dr. David Dolson, assistant chair, was always willing to provide additional explanation
for topics in question. Thank you.

x

Dr. David Grossie, Chemistry Dept. chair and DR. Chris Wyatt, assistant dean, supported
me when things got a little tough to handle on my own. I am truly grateful.
I am extremely grateful for the support of my committee members: Dr. Ioana Pavel, Dr.
David Dolson and Dr. Steven Higgins. Because of your guidance, phase one of this
research project was successfully completed.

Words cannot express my gratefulness and appreciativeness to my family and friends for
your prayers, encouraging words, and support.

xi

DEDICATION

This manuscript is dedicated in loving memory to my mother …

Lydia Frances Curry Williams
October 6, 1942 – July 2, 2001

-Always in my heart-

xii

I.

INTRODUCTION

Fentanyl (figure 1), a synthetic opioid, was introduced for pharmaceutical use by
Paul Janssen of Belgium in the 1960’s.

(1)

Since its introduction, fentanyl and its analogs

have gradually become illicitly manufactured, thus the name illicitly manufactured
fentanyls (IMFs). IMFs were found to be very toxic in humans and have caused severe to
fatal exposure in first responders and drug users. (1) The medical field uses fentanyl as a
schedule II pain management drug in Duragesic patches, injections, lozenges, or in powder
form. Because it is a full opioid agonist, its potency is 50-100 times that of morphine and
can be used to treat pain throughout the body. (2)

Figure 1. Chemical structure of illicit drugs: fentanyl, acrylfentanyl, and furanyl fentanyl
(drawn by Mia Burnett with ChemDoodle, ChemLabs, LLC version 10.0.2).
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Fentanyl is highly lipid soluble and readily crosses the blood brain barrier. The halflife for equilibration between plasma and CSF (Cerebral Spinal Fluid) is about 5 min, while
the duration of full elimination without the use of Narcan or Naloxone is about 3-4 hours.
Because it is metabolized by the liver and is excreted by the kidneys, using higher doses of
IMF prolongs the duration of IMF activity. Fentanyl readily attaches to the µ-opioid
receptors in the body. The µ-opioid receptors have a high affinity for beta-endorphins and
enkephalins. These hormones cause an analgesic affect and occur naturally in the body.
Endorphins or “endogenous morphine” are responsible for pain reduction. When fentanyl
or other IMFs attach to the µ-opioid receptors, the brain’s perception of pain is reduced. (2)
Adverse effects of taking IMFs include nausea, vomiting, itching, decreased heart rate,
neuroexcitation, seizures, respiratory depression, and death. (2,3)
IMF street samples are usually prepared in clandestine labs by manually mixing
fentanyl or fentanyl analogues, other illicit drugs, one or more licit drugs, and/or cutting
agents. Frequently used illicit drugs added as cutting agents include heroin, other opioids
like oxycodone, and marijuana. Their use is very much related to their depressant,
hallucinogenic, or analgesic behavior. These illicit drugs provide the same or similar
effects as fentanyl, but at a much lower threshold. Two of the most commonly used licit
drugs include acetaminophen (APAP) and diphenhydramine (DPH) (figure 2). These licit
drugs are added because of their analgesic properties. In addition, they are easily obtained
over the counter and affordable: acetaminophen is Tylenol© and diphenhydramine is
Benadryl©. Cutting agents are usually added to the IMF street samples in order to boost
the volume of illicit drug and to increase profit. Common cutting agents listed in the
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surrounding Ohio areas include corn starch, sugar, baking soda, xylitol, and
diphenhydramine. Acetaminophen was added due to its structural similarity to fentanyl.

Figure 2. Chemical structures of licit drugs: diphenhydramine and acetaminophen
(drawn by Mia Burnett with ChemDoodle, ChemLabs, LLC version 10.0.2).

Figure 3. Chemical structures of cutting agents: sodium bicarbonate, sucrose, corn
starch, and xylitol (drawn by MiaBurnett with ChemDoodle, ChemLabs, LLC version
10.0.2).
Three waves of IMF misuse began the synthetic opioid crisis. Wave one initiated
the crisis in 1991 with the manufacture of illicit fentanyl. Medical doctors were reassured
by pharmaceutical companies that the risk of addiction from prescribed opioids was low,
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and this reassurance prompted doctors to prescribe opioid medication for pain other than
cancer pain. In 1999, diversion became prevalent. (4) Diversion is the illegal act of giving
or selling prescription medication to people who do not have a prescription for the
medication. The resulting impact was 86% of opioid users, who did not have cancer or
other debilitating pain causing injuries, were obtaining prescriptions for opiates.

(5)

Wave

two began in 2010 when the doctors tried to decrease opioid abuse by decreasing the
number of prescriptions written for opioids and making them harder to obtain. This caused
a subsequent spike in heroin use. Heroin is cheap, abundant, and potent. It is currently one
of the cutting agents used for IMFs. Between 2002 and 2013, there was a 286% increase
in fatalities related to heroin use. The third wave began in 2013 with the inception of
synthetic opioids like fentanyl. In 2016, the greatest rise in IMF related deaths reached
20,000 in the United States. (4)
Fentanyl drug abuse initially developed from people becoming addicted after using
it as a prescribed medication. Mixing fentanyl with other drugs to increase the effects often
resulted in unexpected deaths. Clandestine labs started making altered versions of fentanyl,
which are called Illicitly Manufactured Fentanyl (IMFs). Most of the clandestine labs
originate in China. The postal service is one of the major avenues of transporting the IMFs
to the United States, Canada, and Mexico. (6) According to the Center for Disease Control
(CDC), in 2017 over 28,000 deaths occurred as a result of IMF exposure or abuse in the
U.S.A. West Virginia, Ohio, and New Hampshire had the highest number of deaths
resulting from IMFs. According to the Dayton Daily Newspaper, 24 counties in Ohio
experienced a 90% increase in IMF and drugs of abuse deaths on September 1st, 2017. Of
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the 385 deaths reported by the Montgomery County Coroner’s Office, 281 were related to
the IMF use. (7)
On October 31, 2019, both local and national U.S. news covered the Fentanyl drug
bust in Dayton, OH. The Ohio Attorney General equated the drug quantity as a weapon of
mass disaster. The resulting arrest included 20 kg of Fentanyl, (later determined to be
carfentanyl), which was enough to destroy the state of Ohio. (8-17) This is clearly evidence
that the IMF problem has made its way to the local Dayton and neighboring areas and has
caused great concern with first responders both locally and worldwide. Safety measures
have been put into place to prevent accidental exposure and overdose, but many of the
IMFs can be absorbed through the skin or are airborne, which puts first responders at
increased risk. Accidental exposure to first responders usually occurs after treating
someone who has used or been exposed to the IMF or obtaining the IMF as evidence.
In response to the IMF global epidemic, scientists worldwide have developed and
tested various field and laboratory techniques to detect the presence of IMFs and other
opioids in human biological fluids or street samples. The advantages and disadvantages of
these techniques are listed below in Table 1.
Table 1. Advantages and disadvantages of the current detection methods for IMFs and
other opioids. (18)
Test Technique
Raman spectroscopy
(18)

Types:
• Raman
spectroscopy
• Surface Enhanced
Raman

Advantages
• Vibrational molecular
fingerprinting
• Rapid analysis
• Non-destructive with
complete sample
recovery
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Disadvantages
• Difficulty with analyzing
highly fluorescent
substances or substances
in solutions of a strong
Raman scattering solvent

Spectroscopy
(SERS)

•
•
•
•
•
•

•

Mass spectrometry (18)
Separation Types:
• Gas
Chromatography
(GC)
• Liquid
Chromatography
(LC)
• Capillary
Electrophoresis
(CE)

•
•
•

Minimum to no sample
•
preparation
Extremely small sample
size
•
Any sample type – solid,
liquid, or gas
Multiplex detection
capabilities
No water interference
Qualitative and,
quantitative detection of
both organic and
inorganic compounds
Potential to detect
samples through
physical barriers

Lower spectral resolution
and sensitivity upon use
of portable Raman devices
Expert knowledge
required

•

Requires separation,
ionization and detection
techniques
Long sample preparation
(time varies depending on
extraction technique: 30
min-8 hours)
Long run time (12 min-40
min) Destructive in most
cases
Expert knowledge
required, Expensive
instrumentation ($5000 $1,000,000,000)
Complex methodology

Most discriminatory of
all of the analytical
techniques
Small sample size
Sensitive
Low background noise

•

•
•

Ionization Types:
• Electron Ionization
(EI)
• Atomic Pressure
Chemical
Ionization (APCI)
• Electrospray
Ionization (ESI)
• Matrix Assisted
Laser Desorption
Ionization
(MALDI)
• Atmospheric
Pressure
Photoionization
(APPI)

•
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•
•

Fast Atom
Bombardment
(FAB)
Direct Analysis in
Real Time (DART)

Ion Mobility (18)
Spectrometry (IMS)

•
•

Infrared
Spectrometry (IR)u

•

(18)

•
•
•
•

Identifies almost any
drug
User friendly

•
•

Database required
It must be paired with
ionization before passing
the samples through the
IMS

Identifies almost any
drug including isomers
Nondestructive in some
cases
Vibrational molecular
fingerprinting
Small sample size
Any sample type

•

Water interference with
the signal of interest
Varying extraction times
May require sample
mixing with other agents
for samples preparation
Lower spectral resolution
and sensitivity upon use
of portable IR devices
Difficulties with detecting
samples at very low
concentrations

•
•
•
•

X-Ray Diffractometry
(XRD) (18)

•

•
•

Identification of any
•
crystal structure
•
Sensitive to polymorphs
and contaminants, which •
are common in illicit
drugs
Highly accurate and
sensitive
Nondestructive
Small sample size

•
•
•

Ease of use
Inexpensive
Highly sensitive

•

•
•
•

Simple to use
Inexpensive
Minimal training

•
•

•

•

Thin Layer
Chromatography (18)

Spot/Color Tests (18)
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•
•

In lab use only
Advanced to expert skill
level required
Highly radioactive

Difficulty with separating
complex mixtures and
certain drugs
Qualitative only
Presumptive
Usually destructive
Only tests for class of
drugs

•

Microcrystalline Tests •
(18)
•
Immunoassay (18)

•

Rapid results (10 min)

•
•
•

Potential false positives
Presumptive
A battery of spot/color
tests needed for mixtures

Low cost
Minimal amounts of
reagents needed

•
•

Low discrimination
Destructive

Highly sensitive (µg)

•

Used mainly in biological
samples
Potential false positives
Mostly in the
pharmaceutical industry
for licit drugs
Temperature and time
sensitive

•
•
•
Dipstick (18)

•
•
•

Cheap
Easy to use
Sensitive

•
•
•

Fentanyl specific
Very little scientific data
Not tested on biological
samples

Multi Drug Detection
(MDT) Pouches (19)

•

MDT of fentanyl,
fentanyl analogues and
several other illicit drugs
(cocaine, opiates,
methamphetamine,
heroin, and ecstasy)
Field test
Easy to use on trace or
bulk samples
Detects fentanyl
analogues fast (seconds)
through a mobile detect
app

•

Pouches are drug type
specific
Actual contact with the
drug is necessary
Presumptive
Sensitivity limited by the
colorimetric based test

•
•
•

•
•
•

Several field test techniques have recently emerged for detecting fentanyl and
fentanyl analogues in response to the IMF epidemic. The dipsticks and the MDT Pouches
seem to emerge as the top contender field methods.
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The dipstick test requires the addition of water to the container that stores the
drug(s) and the subsequent placing of the test dipstick into the diluted residue. The results
identify whether a fentanyl and/or fentanyl analogue is present in the sample but cannot
signal the presence of any other illicit or licit drug. Furthermore, it is a colorimetric based
test, which cannot distinguish between fentanyl and its analogues and cannot quantify
them. The dipstick was designed by the Harm Reduction Coalition to reduce the number
of drug overdoses from IMFs from contaminated drugs. (21)
The MDT pouch is designed to aid law enforcement in testing powders at crime
scenes. The residue or a small amount of the unknown powder is placed onto a swab, which
is then crushed into the kit box. A colorimetric reading indicates the presence of fentanyl,
fentanyl analogues, or other illicit drugs (heroin, methamphetamines, cocaine, and
MDMA) in a single test. Thus, an MDT pouch is required for each individual drug, which
in turn may significantly increase the detection time, cost, and efficiency. In some cases,
mixtures of heroin and fentanyl or cocaine and fentanyl can be also detected but not
quantified. Furthermore, direct access to the drug is needed, which may put the first
responder at risk for exposure. (19)
The best IMF lab separation technique for biological fluids or street samples seems
to be High Performance Liquid Chromatography (HPLC). HPLC is a lab technique that
uses a column with a stationary phase or sorbent. The analyte, in liquid form, is passed
through the liquid mobile phase. As the sample passes through the column, it separates into
smaller analyte components called sample bands. (22) Separation, in general, follows mass
spectrometry, which provides accurate information about the structure and composition of
analytes. Both qualitative and quantitative analyses may be obtained based on mass to
9

charge ratios. Quadrupole Mass spectrometry operates by colliding electrons with the
molecule(s) of interest so that they reach an excited state after the collisions. Relaxation
causes the fragmentation of the ions to produce ions of a lower charge. A quadrupole within
the mass spectrometer applies both a direct and alternating voltage to the poles. The voltage
is applied such that opposite poles have the same charge, and the corresponding opposite
poles have the opposite charge. Lighter ions pass through with the intermittent negative
potential, and the heavier ions pass through the rods with positive potential. Two MS
instruments may be placed together to improve speed and sensitivity. In this case, three
quadrupoles operate simultaneously. The 1st and 3rd are mass filters, each working like a

single quadrupole. The quadrupole in the middle fragments the samples with a collision
gas. This technology can be used to simultaneously quantify IMF components of a sample
and analyze their structure. (23) A fingerprint of all the ions characteristic to the analyte in
question is presented in a mass spectrum with the relative abundance on the Y-axis and the
mass to charge ratio (m/z) on the X-axis after passing through a detector. (23)
In response to the IMF overdoses and exposures, the research team in the Chemistry
Department at Wright State University (WSU) in collaboration with the Montgomery
County Coroner’s Office and faculty in the Boonshoft Medical School at WSU, designed
a method for the detection of IMFs in post mortem samples using LC-MS/MS. This LCMS/MS-based method facilitated the rapid (13.5 min) detection of over N = 34 fentanyl
analogs and metabolites in whole blood at sub ng mL-1 concentrations. This analytical
method was successfully tested and implemented in the analysis of over 10,000 postmortem blood samples at the Montgomery County Coroner’s Office, Ohio. This work was
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published in 2018, in an open access journal, and was accessed by worldwide Forensic
Science laboratories.
Raman Spectroscopy is a well-established analytical technique which involves
irradiating a sample with a laser that is in the visible or near infrared region of the
electromagnetic spectrum. Once the laser hits the sample, the spectrum of the inelastically
backscattered radiation is measured with the help of a detector. When the sample excitation
occurs, the lower frequency emissions (Stokes) and higher frequency emissions (AntiStokes) results. Elastically scattered radiation is at the same frequency as the laser
(Rayleigh scattering). This study will focus on the Stokes inelastic portion of the Raman
spectrum due to the higher intensity of the vibrational modes. Each peak in the Stoke region
corresponds to a vibrational mode characteristic of the chemical structure of interest. Thus,
Raman spectroscopy has molecular fingerprinting capabilities. Because the Raman peaks
are generally narrow, Raman spectroscopy can also be used as a discriminatory tool in
multicomponent samples (multiplex detection samples). It is also complementary to the
presented IR detection methods. Generally, the presence of water does not interfere with
the collection of signals of interest in liquid samples or biological fluids. A main
disadvantage of this technique results from its limited detection capabilities when dealing
with analytes of very low concentrations. The reason for this is because only one out of 106
backscattered photons carries the Raman information. (23)
The two main current Raman methods for analysis of IMFs are Raman
spectroscopy and surface enhanced Raman spectroscopy (SERS). The Raman spectroscopy
method has been extensively used by the pharmaceutical industry as a quality control tool
for licit drugs. Thus, handheld Raman devices have the potential of providing immediate
11

field results for the detection of illicit drugs. One of the main limitations of this Raman
spectroscopy-based approach is the existence of a relatively limited library of illicit and
licit drugs and discriminatory methods. Furthermore, most handheld, commercially
available Raman devices have a lower sensitivity and lower spectral resolution than a
research grade laboratory Raman Spectroscopy system. SERS boosts sensitivity by
permitting the drug analyte to interact with silver nanoparticles, and thereby significantly
boosting the detection capabilities of the Raman method. The SERS effect harnesses the
strong electromagnetic fields which are created at the “hot spots”, i.e., the interstitial sites
of interacting nanoparticles where analyte molecules reside.(33) However, the SERS spectra
might become difficult to interpret due to the possible different orientations of a drug
molecule at the nanosurface. Furthermore, the reproducibility of the SERS results may be
significantly lowered by the reduced homogeneity of most SERS nano-substrates.
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MAIN GOAL: To demonstrate that Raman spectroscopy can detect the presence of
IMF analogues and other licit drugs in mock street samples.

Specific Aims
#1:

To obtain WSU specific, Ohio state and federal approvals and to develop

related protocols in order to safely acquire, store, analyze, and dispose of illicitly
manufactured fentanyl (IMF) analogues.
#2:

To demonstrate the multiplex detection capabilities of the Raman

spectroscopy method on mock street samples prepared by mixing certified reference
standards of IMF analogues (fentanyl, furanyl fentanyl, and acrylfentanyl), licit
drugs (diphenhydramine and acetaminophen), and cutting agents (sodium
bicarbonate, corn starch, sugar, and xylitol).
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II.

EXPERIMENTAL

In order to safely acquire, store, analyze, and dispose of illicitly manufactured
fentanyl (IMF) analogues, specific university, state, and federal safety, procedural, and
legal requirements had to be obtained. The IMFs in this study include fentanyl, furanyl
fentanyl, and acrylfentanyl.
#1:

To obtain WSU specific, Ohio state and federal approvals and to develop

related protocols in order to safely acquire, store, analyze, and dispose of illicitly
manufactured fentanyl (IMF) analogues.
Wright State University (WSU) requirements:
The research team had several meetings with the Department of Environmental
Health and Safety (EH&S), the Department of Facilities Management and Campus
Operations, the Office of Risk Management, the Office of Budget Planning and Resource
Analysis, the Office of General Counsel, the Department of Computing and
Telecommunication Services (CaTS), the Office of Research and Sponsored Programs
(RSP), the Office of Research Affairs, the Office of Research and Graduate Studies, the
Department of Chemistry, the College of Science and Mathematics (CoSM), and the
Police Department WSU. These meetings led to the development and approval of
standard operating procedures (SOPs) for the acquisition, safe handling, and disposal of
IMFs, safety protocols, chain of custody forms, and emergency plans. This process took
approximately 9 months, and the legally available forms/protocols were provided in the
appendix.
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State requirements:
The research team was awarded a State of Ohio Board of Pharmacy License
(expiration date March 31st, 2021) to research IMFs at WSU (Appendix A). This entailed
completing a State of Ohio Board of Pharmacy application and covering the associated
fee. This license was required by the U.S. Drug Enforcement Agency for the safe
acquisition, storage, and disposal of IMFs at WSU.
Federal requirements:
A U.S. Drug Enforcement Administration (DEA) License (expiration date
March 31st, 2020) (Appendix B) was obtained after the submission of an application
package, payment of the corresponding application fee, and subsequent passing of the
mandatory onsite DEA inspection. In this regard, interviews of all researchers and the
principal investigator (PI) were conducted by the DEA agents at WSU. The PI’s research
laboratories were extensively inspected, and background checks were completed for all
project participants. Advisement of impromptu visits and meticulous tracking of sample
testing were carefully discussed with the main project members. All guidelines that were
provided by the visiting DEA Diversion Control Unit are accessible at
https://www.deadiversion.usdoj.gov.
Training in the administration of NARCAN was obtained through Project DAWN
(Deaths Avoided with Naloxone) in October 2018 at WSU. NARCAN (4 mg of naloxone
HCl) Nasal Spray may be used in case of opioid accidental overdoses or exposure with
signs of breathing problems, sever sleepiness, numbness, or irresponsiveness. Currently,
our project team has 12 NARCAN Nasal Sprays available for the project use or other

15

campus emergencies. The ES&H Department at WSU also has 10 of these opioid
antagonist sprays available for campus emergencies. The active ingredients in NARCAN
Nasal Spray have no effects of people who are not under the exposure of opioids.
IMF Tracking:
All samples were tracked by the DEA using Form-222 of the DEA purchase
forms, in which the corresponding Sigma Aldrich DEA vendor number was printed. The
forms were obtained directly from the DEA following the DEA licensing application.
The DEA agent at Sigma Aldrich was the point of contact for all purchases. Upon
delivery, the initial IMF mass was obtained and recorded on the DEA Chain of Custody
form. The mass measurement procedure was repeated before and after each analytical
test. All forms and correspondence were placed in the research binder of the project and
were also retained electronically. A safe was obtained to ensure the integrity of the IMFs
to be analyzed, and to protect researchers. All samples were placed in a five-level secured
area. The security included a dedicated door lock, a lock on the file cabinet, a bar lock, a
padlock, and a safe with code access.
Specific Aim #2: To demonstrate the multiplex detection capabilities of the Raman
spectroscopy method on mock street samples prepared by mixing certified reference
standards of IMF analogues (fentanyl, furanyl fentanyl, and acrylfentanyl), licit
drugs (diphenhydramine and acetaminophen), and cutting agents (sodium
bicarbonate, corn starch, sugar, and xylitol).
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Materials:
IMFs were obtained from Sigma Aldrich-Millipore. Licensed IMF samples
included fentanyl citrate salt (25 mg of C22H28N2O C6H8O7) (figure 1), acryl fentanyl
hydrochloride solution A-140 in methanol (0.5 mL, 100 µg mL-1 of C22H26N2O HCl)
(figure 1), and furanyl fentanyl hydrochloride solution F-046 in methanol (0.5 mL, 100
µg mL-1 of C24H26N2O2 HCl) (figure 1). All IMF samples were purchased at
concentrations below the lethal dose 50 (LD50) established by the DEA on rat and mice
models (at https://www.deadiversion.usdoj.gov). The LD50 are discussed below in the
Toxicity section.
Over the counter licit drugs: diphenhydramine (Equate brand) and extra strength
acetaminophen (Equate brand) were purchased from Walmart and used without further
purification (figure 2). The following cutting agents were also obtained from commercial
sources and used without further processing in the preparation of mock street IMF-based
samples: baking soda (Arm and Hammer), Great Value sugar (Great Value), Xylitol
sweetener (Natural Birch), and 100% corn starch (ARGO) (figure 3).
Other Supplies:
Pre-cleaned blank ground edge glass microscope slides (from Am Scope BS-SOP100S-22), glass microscope slides with two concavities (United Scientific CSTK02), 0.35
mL custom cuvettes (Areca Cells qg-16410-2), medical grade gloves (Guardian N35
Nitrile Exam Gloves purchased from Amazon), surgical face masks (Tuk), and Microplex
were purchased as indicated.
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Preparation of mock street IMF-based samples:
Initially, qualitative, Raman-based identification was conducted on each
individual illicit, licit, and cutting agent. Raman spectra of controls: sodium citrate,
methanol solvent, flat microscope glass slides, cover slips, and concave microscope glass
slides, were also obtained. Mock street IMF-based samples were prepared by
mechanically mixing with a spatula the illicit, licit, and cutting agents. The mass ratios of
the mixtures are shown in Table 2 together with the assigned identifier names for these
mock street IMF-samples.

Table 2. Mass ratios used in the preparation of the mock street IMF-based samples
together with the assigned identifier names for Raman analysis.
Illicit drug
Fentanyl
(0.001 g)
Fentanyl
(0.0014 g)

Licit drug
Cutting agent
Mass ratios
DPH (0.0119 g) Diphenhydramine 1:12
(DPH) 0.0119 g
DPH0.0031g
APAP 0.0287g
1:2:20

Assigned sample name
Fent_15_DPH_15
Fent_DPH_APAP_1.2.20

Abbreviations: diphenhydramine (DPH), acetaminophen (APAP), Sodium
Bicarbonate/baking soda (BS)

Table 3. The LD50 used in the research protocol is summarized in table three.
IMF

LD50

Fentanyl

62 mg/kg

Acrylfentanyl

25 - 50 mg/kg

Furanyl Fentanyl

25 - 50 mg/kg
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Toxicity:
Table 3 summarizes the established effective doses at 50% of the animal
population (ED50) and the lethal dose at 50% (LD50) of the animal population were
obtained as reported toxicity levels of the IMFs being tested. ED50 is the amount of IMF
that resulted in adverse effects, such as muscle rigidity, seizures, nausea and other side
effects, in 50% of the population. LD50 refers to the amount of IMF that kills 50% of the
population. Once the effects were noticed for the ED50, naloxone or Narcan was given
and the behavior was observed in both humans and rodents. (4)

Fentanyl (1):
According to the National Institutes of Health (NIH), the intravenous and
subcutaneous LD50 values in mice were 11.2 mg kg-1 and 62 mg kg-1, respectively. These
LD50 values are utilized as a guide in humans by the DEA Diversion Control office. The
intravenous, subcutaneous, and oral LD50 values in rats were 2910 µg kg-1, 1500 µg kg-1,
and 18 mg kg-1, respectively.
Acrylfentanyl (1):
The LD50 values were of 25-50 mg kg-1 after interperitoneally delivery in mice.
The ED50 values were established at 0.021 mg kg-1 using interperitoneal delivery in mice.
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Furanyl fentanyl (2):
Similar LD50 values to acryl fentanyl were inferred in mice, in the 25-50 mg kg-1
range. There is no direct comparison for test types with fentanyl. The ED50 value in mice
was 0.02 mg kg-1 after its intravenous delivery to the spine. The antinociceptive potency
was monitored using the hot plate method.(3) Nociceptive potency was observed when an
unpleasant impulse (i.e., heat in this method) was delivered to a species (i.e., a rodent
located directly on a hot plate in an enclosed chamber).(3) The signal reactions included
scratching, running around, clawing, etc.(3) The hot plate method involves raising the
temperature to about 54°C. If the mouse or rat is not drugged, they will immediately
scurry, writhe, or exemplify unusual behaviors. (4) Antinociceptive behavior was observed
after administering furanyl fentanyl. Upon raising the temperature of the hot plate, it was
observed that rodents, which were administered an IMF, took longer to display an
unusual behavior. (4)
According to the Annals of Biological Sciences, the hot plate test is a common
test tool for observing behavioral and physical changes before, during, and after exposure
to a drug. (5) In a typical study, the effective dose and toxicity of a natural drug against an
equivalent pharmaceutical medication, which was administered to Adult Wistar rats and
albino mice of both genders at varying concentrations, were estimated through a hot plate
test in 30-min time increments. (5) The comparison of the two drugs was conducted while
holding the hot plate temperature at 55°C +/- 2°. The rodent’s exposure to heat was
limited to 20 s time intervals in order to minimize injury. Statistical measurements and
documentation in response to latency was recorded. (5)
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It should be noted that the World Health Organization (WHO) listed the ED50
results instead of the LD50 values as reference points. The DEA, NIH, and WHO
guidelines made use of the rat and mice models to establish a potential lethal level for
humans. There are no tested LD50 levels in humans.
Instrumentation:
Raman data of control and IMF samples were collected on a LabRam HR800
system (HORIBA Jobin Yvon) equipped with a HeNe laser (632.8 nm, 15 mW). Samples
were placed on the glass microscope slides and were visualized on the microscope stage
before and after the laser excitation with a confocal Olympus BX41 microscope (100x,
50x, and 10x objectives). The backscattering signal was measured with a
thermoelectrically cooled charge-coupled device (CCD) digital imaging camera (-69°C)
with a resolution of 1024 x 256 pixels, at a relative humidity < 75%. The following
acquisition parameters were selected: a holographic grating of 600 grooves mm -1, a
confocal hole of 300 µm, five acquisition cycles and 30 s acquisition time for each
sample. Control methanol was analyzed with an acquisition time of 10 sec using a 50x
objective. Control sodium citrate was analyzed with an acquisition time of 30 sec using a
100x objective. A silicon dioxide sample was employed as a reference for daily
calibrating the Raman system before the actual measurements.

21

III.
Specific Aim#1:

RESULTS and DISCUSSION

To obtain WSU specific, Ohio state and federal approvals and

to develop related protocols in order to safely acquire, store, analyze, and dispose of
illicitly manufactured fentanyl (IMF) analogues.

Protocol:
A protocol was established to provide strict guidelines for safety, shipping,
storing and analysis of IMF samples for research purposes. A license to purchase, store
and research fentanyl was obtained as part of the legal requirements for this research.
Protocol for the Analysis of Illicitly Manufactured Fentanyls (IMFs)

Shipping and Receiving
IMF samples delivered to Wright State University (WSU) shipping and
receiving must follow Chain of Custody (Appendix C) protocol. Immediate
notification of receipt is mandatory. Two research scientists from the Fentanyl
research team will sign for the sample, and place it in a closed, properly labeled,
secondary container for transport to the locked RAMAN research lab (456
Oelman Hall, WSU). Once in the RAMAN lab, the Chain of Custody will be
completed and the IMF samples will be placed inside the dedicated locked safe,
which will be located in the same RAMAN lab. Keys or a combination code will
be assigned to the Principal Investigator (PI), Dr. Ioana Pavel, and three members
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of the research team. Access to the RAMAN lab will only be permitted to trained
members of the Fentanyl research team during experimentation.
Training:
1. Each member of the research team must have at least two years of experience
analyzing Fentanyl, or other drugs of abuse.
2. Each member must attend the Safety training provided by the Environmental
Health and Safety (EHS) department at WSU.
3. Prior to working on the IMF project, each research scientist must attend the
research training provided by the senior research scientist(s) or PI to include the
Chain of Custody protocol and the Standard Operating Procedures (SOPs) for the
IMF sample preparation, analysis, and disposal.
4. Training is required of each analyst prior to initiating the IMF research on
administering Naloxone in the event of accidental exposure. The emergency
response protocol will be followed and is outlined in detail within the SOP.
5. A training checklist and an updated resume/record of experience will be
maintained in order to demonstrate experience and proficiency in this area.
Research
1. Prior to accessing the IMF samples for research preparation, personal protective
equipment (PPE) must be worn by the research scientists. The PPE includes lab
coats with fitted sleeves, gloves specifically designed for handling the IMF
samples, safety goggles, and half face shield with proper filtration for fentanyl.
2. Remove the sample from the locked safe in laboratory 456 Oelman Hall. Place the
IMF in a secondary container. Complete the Chain of Custody (COC) form, and
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carefully place the IMF sample into the fully operational, certified chemical fume
hood in the adjoining laboratory located in 458 Oelman Hall. While the sample is
inside the chemical fume hood, remove the IMF from the secondary container,
and slowly open the IMF stock container.
3. Using a disposable sample spatula, place the smallest possible amount of IMF
crystals (< 1 ug) onto a microscope slide by sticking the tip of the spatula into the
IMF stock sample. Only one crystal is needed for RAMAN analysis. Immediately
remove the tip and place it onto a microscope slide. Place a cover slip on top of
the sample crystals and seal the cover slip with clear sealant around the edges. Let
the slide dry for 30 min while analyzing QC. This should be completed in
laboratory 456 Oelman Hall. Note: The slide with the IMF sample should remain
in view of the research analyst for the duration of the time the sample is drying,
and in the C.O.C. possession of the analyst while outside of the safe.
4. Carefully seal the IMF stock vial and place it into a secondary container.
Complete the Chain of Custody and place it back into the safe. Begin a separate
Chain of Custody for the research sample. The sample must remain in the custody
of the research analysts for the duration of the testing, or the Chain of Custody
must be completed to place the sample back into the safe.
5. The RAMAN testing should be executed according to the Standard Operating
Procedure (SOP) developed in accordance to the manufacturer’s
recommendations and optimized for Quality Control (QC) of IMFs in laboratory
456 Oelman Hall. The QC should include the Silicon Dioxide calibration slide
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prior to research, a sample blank (air), water, and a solvent that is predominantly
used in the lab (Ethanol).
6.
Once the QC has been completed, IMF samples should be qualitatively analyzed.
At least n=25 per IMF sample and QC should be collected by the operator.
7. A Raman library for the IMF samples will be created using the data acquired via
RAMAN analysis.
Disposal
8. IMF powder residue, used spatulas, and previously analyzed IMF samples must
be emptied into a controlled substances waste container, then sealed with red
caution tape. The disposal container will be taken out of the chemical fume hood
once it is sealed, placed into a secondary container, and the Chain of custody
completed. Temporary storage may be use of the safe until the external pick up
company may be scheduled. The external disposal company will be Stericycle.
9. Once the Chain of Custody is completed, the form should be placed back inside
the safe, and a waste disposal form will be completed for pick up by Stericycle.
10. Once Stericycle arrives, a Fentanyl Research Analyst or the PI must retrieve the
waste sample from the safe, have the company representative sign the Chain of
Custody form for disposal, and the research analyst should file the form in the
binder, which will be stored inside the safe.
Specific Aim #2:

To demonstrate the multiplex detection capabilities of the

Raman spectroscopy method on mock street samples prepared by mixing certified
reference standards of IMF analogues (fentanyl, furanyl fentanyl, and
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acrylfentanyl), licit drugs (diphenhydramine and acetaminophen), and cutting
agents (sodium bicarbonate, corn starch, sugar, and xylitol).
Analysis:
Raman data was obtained from the three IMFs: fentanyl (figure 4), furanyl
fentanyl (figure 5), and acrylfentanyl (figure 5), two licit drugs (diphenhydramine and
acetaminophen) (figure 6), and four cutting agents which include sodium bicarbonate,
corn starch, sugar, and xylitol (figure 7). The data for the corresponding controls citrate
salt (figure 4) and methanol (figure 5) were obtained to identify peaks characteristic to
the respective solvents. The spectra were presented in smaller segments to identify
smaller peaks that would ordinarily be overlooked.

A.

B.
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C.

E.

D.

F.

.

Figure 4. Raman spectra of A) fentanyl citrate salt in the 100-1000 cm -1 spectral range,
B) fentanyl citrate salt in the 900-2000 cm -1 spectral range, C) fentanyl citrate salt in the
2000-4000 cm -1 spectral range, D) sodium citrate salt in the 100-1000 cm -1 spectral
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range, E) sodium citrate salt in the 1000-2000 cm -1 spectral range, and F) sodium citrate
salt in the 2000-4000 cm-1 spectral range.

A.

B.

C.

Figure 5. Raman spectra of A) acrylfentanyl in methanol, B) furanyl fentanyl in
methanol and C) methanol.
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Table 4. Experimental and literature values for the fingerprint Raman vibrational modes
of the three illicitly manufactured drugs (IMFs) used in this study together with their
tentative assignment.
IMF

Fentanyl

Acrylfentanyl

Experimental
Raman bands
(cm-1)
114, 207
247,283,302,
333, 358, 379,
415, 455, 475

Literature
Raman bands
(cm-1) (31-33)
10-200 (31)
250-400 (31)

609

600-1300 (31)

618

Tentative Band Assignment
•
•

Crystal lattice vibrations
C-C Strong aliphatic chain
vibrations

•

Alicyclic, aliphatic chain
vibrations

622 (32)

•

Ring, CH2, CH3

735

742 (32)

•

CH3, CH2, C-C-C

838, 858, 875

830 (31)

•

C-C-C-N stretching

1005

1002(33)

•

Aromatic ring breathing mode

1167

1160 (32)

•

C-H vibrations

1205

1206(32)

•

(N-C-C-C); (CH2)

1443, 1461

1456(31-32)

•

H-C-N in-plane bending

1604

1586, 1606(32)

•

C=C stretching

1722

1680-1820(31)

•

C=O vibrations

2881, 2951,
2988
3062

2800-3000(31)

•

C-H vibrations

3100-3650(31)

448

478(31)

• Weak OH vibrations
833 (C-C-C-N stretching), 1165
(CH bending)
• C-C-C bending, C-O torsion,
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Furanyl
fentanyl

602
817
1039

626(33)
834(33)
1038(33)
1008(33)

•
•
•
•

1454

1450(31),
1462(33)

•

2844, 2944

2800-3000(31)

•

C-H vibrations

349
471
564, 656, 728,

250-400(31)
478(31)
622(33)

•
•
•

C-C aliphatic chains
C-C-C bending
Ring

810

826(33)

•

(C-N2-C); (CH) vibrations

1189,

1205(33)

•

(C-N2-C); (CH), (CH2)
vibrations

1335

1340-1380(31)
1388(33)
1400-1470 (31)
1472(33)

•

(CH2) vibrations

•

(C=C) vibrations

•
•

(C-N2-C); (CH) vibrations
CH2/CH3 asymmetric
vibrations

1468

Ring breathing
(C-C-C), (CH2) piperidine ring
C=C; CH moderate vibrations
Strong/medium aromatic ring
breathing
Medium aromatic ring
vibrations

Raman spectra of abundant spectral signatures were obtained for all three IMFs
(figure 4). The complete analysis time was minimal on the order of minutes. The focus
will be placed on figure 4A-4C corresponding to the Raman spectrum of fentanyl citrate
salt, because it is the form most likely to be encountered in IMFs. The Raman spectrum
of fentanyl exhibited a very high signal to noise ratio and numerous fingerprint bands.
The Raman peak of the strongest relative intensity is located at 1005 cm -1, which
corresponds to the breathing mode of the aromatic rings (figure 4B). Other strong, well
separated vibrational modes that might serve as discriminatory tools were observed at
838, 1167, 1254, 1282, 1587, 1604, 1694, 1722, 2951, 2988, and 3062 cm-1 (figure 4A30

4C). The tentative assignments are provided in Table 4. These peaks are well separated
from the citrate components at 848, 959, 1066, 1445, and 2944 cm-1 (figure 4D-4F). A set
of triple peaks corresponding to C-H stretching modes were detected in the Raman
spectrum of fentanyl at 2946-3668 cm-1 (figure 4C).
The other two fentanyl analogues have only slight, modifications with respect to
the parent structure of the drug (figure 1). The two analogues were both prepared in
methanol, so contributions from the solvent were detected in both Raman spectra at
~1032, 1459, 2834, and 2946 cm-1 (figures 5A, 5B, and 5C). Distinct Raman marker
bands can be observed for acrylfentanyl at 448, 602, and 817 cm-1 (figure 5A) and for
furanyl fentanyl at 349, 471, 564, 656, 728, 810, 1189, 1335, and 1468 cm-1 (figure 5B)
These potentially discriminatory vibrational modes were tentatively assigned in Table 4.
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A.

B.

C.

D.
.

Figure 6. Raman spectra of A) acetaminophen in the 100-1000 cm-1 spectral range, B)
acetaminophen in the 900-2000 cm-1 spectral range, C) acetaminophen in the 2000-4000
cm-1 spectral range, D) diphenhydramine (DPH) in the 100-1000 cm-1 spectral range
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E.

F.

Figure 6. Raman spectra of E) diphenhydramine in the 900-2000 cm-1 spectral range, and
F) diphenhydramine in the 2000-4000 cm-1 spectral range. These samples were all in
powder form.

Table 5. Experimental and literature values for the fingerprint Raman vibrational modes
of the two licit drugs used in this study together with their tentative assignment.
Cutting
agent

(APAP)

Experimental
Raman
bands (cm-1)
331, 392
465
608, 628, 654,
687,712,737

Literature (31-33)
Raman bands
(cm-1)
250-400 (31)
478(31)
600-1300(31)

Tentative Band Assignment
•
•
•

C-C aliphatic chains
C-C-C bending, C-O torsion,
Alicyclic, aliphatic chain
vibrations

800, 836, 859,
909, 924, 970

800-970(31)

•

1106

1060-1150(31)

C-O-C asymmetric
vibrations
Alicyclic, aliphatic chain
vibrations
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•

(DPH)

1106, 1159,
1239, 1280
1328, 1375
1451

600-1300(31)

•

1340-1380(31)
1400-1470(31)

•
•

1564

1530-1590(31)

1615, 1651

1610-1680(31)

•
•

272
524
989, 1001

250 – 400(31)
discriminatory
1000(31)

•
•
•

1584
1705, 1766

1530-1590(31)
1680-1820(31)

•
•

Alicyclic, aliphatic chain
vibrations
Strong C-(NO2) vibrations
CH2, CH3 asymmetric
vibrations
Strong C-(NO2) vibrations
C=N
CC aliphatic chains (excited)
unknown
Strong aromatic ring chain
vibrations
Strong C-(NO2) vibrations
C=O vibrations

Both licit drugs, acetaminophen (APAP) and diphenhydramine (DPH), have rich
Raman spectra of good signal to noise ratio (figure 6). The abundance of vibrational
modes will facilitate the future chemometric discrimination of these substances from each
other and from IMFs or other illicit ingredients present in the actual street samples. A
tentative assignment of potential Raman marker bands was provided in Table 5.

B.

A.

Figure 7. Raman spectra of common cutting agents consisting of A) sodium bicarbonate
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or baking soda (NaHCO3), in the 100-2000 cm-1 spectral range, B) NaHCO3 in the 2000-

C.

D.

E.

F.
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G.

H. D.

Figure 7. Raman spectra of common cutting agents consisting of C) corn starch in the
100-2000 cm-1 spectral range, D) corn starch in the 2000-4000 cm-1 spectral range, E)
sugar in the 100-1000 cm-1 spectral range, F) sugar in the 900-2000 cm-1 spectral range,
G) sugar in the 2000-4000 cm-1 spectral range, and H) xylitol in the 100-2000 cm-1 and I)
2000-4000 cm -1 spectral range.
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Table 6. Experimental and literature values for the fingerprint Raman vibrational modes
of the four cutting agents used in this study together with their tentative assignment.
Experimental Literature (31-33)
Raman
Raman bands
bands (cm-1) (cm-1)
109, 144
10-200
207, 228
10-200
623, 689
632

Tentative Band Assignment

1041

1060-1150

•

1275

600-1300

•

Corn Starch

483
944

478
941

•
•

Sugar

117
531

10-200
520-540

•
•
•

852

820-900

Crystal lattice
C-C-O vibrational bending
crystalline structure and
water content

1129
2948, 2985,
3013

1156
3000

•
•

C-O-C angle bending
ring structure

154, 173, 188
206, 243
265, 298, 324,
357, 427, 464

10-200
10-200
250-400

•
•
•

Crystal Lattice
Excited state crystal lattice
CC aliphatic chain vibration

530, 595, 751,
858, 891, 917,
1006,1061,
1072, 1094,
1112, 1238,
1286, 1319

600-1300

•

CC alicyclic, aliphatic chain
vibrations

1340, 1377

1380

•

CH3 vibrations

1415, 1463

1400-1470

•

2800-3000

•

CH2, CH3 asymmetrical
vibrations
CH vibrations

Cutting
agent
NaHCO3

Xylitol
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•
•
•

Crystal lattice vibrations
Excited state-crystal lattice
Symmetric stretching modes
of carbonate ions
C-O-C asymmetric
vibrations
Alicyclic, aliphatic chain
vibrations
C-C-C bending, C-O torsion,
C-O-C, C-O-H bending, C-O
stretching

2736, 2899,
2953, 3000
3100-3650

•

OH vibrations

3306, 3364,
3438, 3135

A.

B.

Figure 8. Raman spectrum of a mixture of cutting agents potentially present in an IMF
street sample (mix 1 in Appendix D): A) baking soda, sugar, and corn starch in 1:1:1
mass ratio and the same 1:1:1 mass ratio mixture in the 2000-4000 cm1 spectral range.

Individual, control Raman spectra of commonly utilized cutting agents (i.e.,
sodium bicarbonate or baking soda (NaHCO3), corn starch, sugar, and xylitol) were
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obtained prior to analyzing a mock sample of combined cutting agents (figure 7). These
spectra contain an abundance of well separated bands of relatively strong to very strong
intensities. Marker bands (table 6) were selected to discriminate between three cutting
agents (i.e., baking soda, sugar, and corn starch) in a mixture (figure 8). The data shows
that the mix is predominantly baking soda (111, 146, 207, 226, 687, 1047, 1272, and
2919 cm -1). However, a Raman vibrational mode characteristic to sugar alone was
observed at 1437 cm -1.
Xylitol has a perfect, crystalline structure, and displayed a large amount of Raman
scattering. The crystals were crushed prior to analysis and scanned using a 0.6 filter
setting in order to minimize the scattering. Surface Enhanced Raman Spectroscopy
(SERS) involves mixing a small amount of sample with a nanoparticle suspension of
silver or gold. The nanoparticle colloid may provide a means for detecting samples at low
concentration or of poor Raman scattering cross section (e.g., corn starch in the previous
mixture of cutting agents) by taking advantage of the enhanced electromagnetic fields
present associated with the surface plasmon resonances at the nanomaterial surface.
SERS may provide a means of analyzing pure crystalline structures in mock street
samples without the use of separate parameters to optimize the data, because the
nanoparticles could provide the optimal amount of scattering. Xylitol was not used as part
of the mock mixtures due to excessive scattering.
A discriminatory table is provided in Appendix D for peak determination.
Individual assignments were color coded for individual illicit drugs, licit drugs, and
cutting agents. The peaks within the mixes were assigned colors based upon the
discriminatory peaks, which provided a visual confirmation of the chemometric ideology.
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A.

B.

C.

Figure 9. Raman spectrum of a mixture of diphenhydramine (licit drug), corn starch, and
sugar (mix 2 in Appendix D) potentially present in an IMF street sample in a 1:1:1 mass
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ratio in the following spectral ranges A) 100-1000 cm-1, B) 900-2000 cm-1, and C) 20004000 cm-1.

Figure 9 displays the Raman spectrum of a 1:1:1 mass ratio of diphenhydramine,
corn starch, and sugar mixture in solid form. The spectral pattern is detailed and
indicative of characteristic discriminatory peaks. Most of the strong or very strong
vibrational modes can be identified as belonging to corn starch (sharp features at 318,
442, 869, 1341, and 1385 cm-1 as well as a very broad peak in the 3100-3600 cm-1 range).
Vibrational modes characteristic to the licit drug present in the mixture,
diphenhydramine, can be clearly noticed as Raman bands of small intensity at 716, 1006,
1662, 1705, and 1766 cm-1. Other diphenhydramine characteristic peaks were detected at
lower inverse wavenumbers, which include specific bands below 480 including 318, 358,
411, and 442 cm-1. Vibrational modes were tentatively assigned in Appendix D. The peak
occurring at 480 cm-1 corresponds to diphenhydramine, while the 945 cm-1 band
corresponds to corn starch. Among the peaks in the 480- 945 cm-1, only the 616 cm-1
peak is in question of correlating to either diphenhydramine or sugar.
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A.

B.

C.

Figure 10. The Raman spectrum portrays a mock IMF street sample identified as
Fent_15_DPH_15 containing fentanyl and diphenhydramine in a 1:10 mass ratio (mix 3
in Appendix D) in the following spectral ranges A) 100-1000 cm-1 B) 900-2000 cm1, and
C) 2000-4000 cm-1.
.
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The 1:10 mass ratio of fentanyl mixed with diphenhydramine is in powder form.
The analysis focus is again on the fingerprint region between 100 – 2000 cm-1. The
spectrum is detailed with a very low background and high signal to noise ratio. Due to the
resemblance of the structures of the two drugs, many of the Raman bands of the mixture
correspond to an overlap of vibrational modes, which were attributed to both fentanyl and
diphenhydramine (212, 415, 526, 592, 651, 835, 880, 1029, 1061, 1123, 1251, 1589 and
1607 cm-1). However, individual, discriminatory marker Raman bands could be detected
for both drugs: diphenhydramine (274, 522, 752, 880, and 990 cm -1) and fentanyl citrate
salt (113, 623, 662, 1185, 1202, 1286, 1369, 1423, 1459, 2886, 2951, 2988, and 3063 cm1

). The discriminatory peaks that correspond to the citrate were at 147, 249, 325, 738, and

1061 cm-1. Future chemometric assignments and Raman measurements of drug standards
of increasing concentrations could help strengthen the discrimination and facilitate a
semi-quantification of sample mixtures containing illicit and licit drugs.
As an example, for the discrimination of IMFs in drug mixtures using
chemometrics, a partial least squares discriminatory analysis was generated using data
from the mixture from figure 10.
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Figure 11. Receiver-operating characteristic curve of a Partial Least Squares
Discriminant Analysis (PLS-DA) model with four components using 95spectra from
Raman Analysis on scans from 100-4000 cm -1using scikit-learn implementation of the
NIPALS algorithm, which is a procedure for constructing multivariate models (figure by
Daniel Foose).

Figure 12. Value of discriminant Q2 (DQ2) at the number of PLS components between
2 and 25. The best value of k was determined using the maximum value of DQ2 in
chemometric analysis to determine the four-fold cross validation analysis.
To discriminate fentanyl, N = 95 spectra were trained using 4098 of the available
Raman data points, i.e., collected Raman spectra on mixtures possibly containing
fentanyl (figure 12). The points were identified as +1 or -1 for yes or no, respectively.
This is like the manual table in Appendix D, where yes or no for characteristic peaks
were used to determine the composition of the mock street samples. A composite
fingerprint was determined for fentanyl by using -1 and +1 as the only possible values for
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Y to obtain the discriminant. This analysis may be generated for each analyte, including
illicit, licit, cutting agents, and possible uncommonly occurring drugs such as arsenic,
cyanide, strychnine, phencyclidine (PCP), and ecstasy. SERS may be employed if the
samples are difficult to observe using ordinary Raman Spectroscopy. The uncommonly
occurring drugs are infrequent, yet are often missed in crime laboratories, because they
are not routinely screened as are basic drugs of abuse.
The value of k was determined as four, where k =4 is the number of partitions in a
cluster. The distance is calculated between the data points and the nearest centroid
(randomly placed marker). The average of the data points that fall into the cluster are
calculated, and those points that are closest to a certain centroid are partitioned nearest to
that centroid. The average is taken, and the centroid is moved. The process is repeated
four times; thus, the value of k was determined to be four. At this point, no more changes
have occurred, and all the points have been assigned, or are discriminant against a
centroid. In this case, the centroid is the drug analyte. (35)
Table 7. Statistical determination of the success of the PLS-DA model generated by Dan
Foose, PhD student in the department of Engineering, Wright State University, using the
Raman data provided by Mia Burnett, MS student in the department of Chemistry,
Wright State University.

Metric

Value

Accuracy

0.97

Hamming Loss

0.03

Precision

0.98
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Recall

0.96

Specificity

0.98

Balanced Accuracy

0.97

F1

0.97

Average Precision

0.94

ROC Area Under the Curve

0.97

DQ2

0.82

Q2

0.80

R2

0.90

Table 8. Displays the number of true and false positive and negative values within a
class.
Actual Class

Predicted Class

Positive

Negative

Positive

48

1

Negative

2
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The PLS-DA model was statistically determined to be very successful for the
fentanyl samples analyzed in a 1:10 ratio (figure 10). The metric values should be ≤ 1,
but >0. Accuracy determines how close the training is to the actual sample results. In this
case, the model predicted the presence or absence of fentanyl correctly 97% of the time
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(Tables 7 and 8). Hamming loss is the opposite of accuracy and is a measure of incorrect
predictions. The statistical value for Hamming Loss with respect to the PLSDA model
and identification of fentanyl is 3%. Precision determines how close the results are to
each other, or in this case, the ratio of correct predictions to the number of instances of
positive responses. The precision for the PLSDA model identification of Fentanyl is 98%
(Table 7).
Recall is the ability of the PLSDA model to identify the discriminants in the
dataset and is synonymous with sensitivity. For the PLSDA model on the preliminary
datasets provided for the chemometric analysis, the value was determined to be 96%. The
F1 score is a measure of the PLSDA model’s accuracy in measuring the discriminatory
peaks in a dataset. This accuracy is calculated by measuring the mean of the recall and
precision tests. Specificity is measured by the model’s ability to distinguish between
fentanyl and non-fentanyl. Average precision summarizes a precision-recall curve as the
weighted mean of precision achieved at each threshold. An increase in recall from the
previous threshold was used as the weight. In this case, the raw output of the model was
used, and not just whether the output was positive or negative (Table 7).
Balanced accuracy is a measure of the arithmetic mean of the sensitivity and
selectivity. The model Receiver Operator Characteristic (ROC) Area Under the Curve
(AUC) measures sensitivity vs specificity. For this model, the ROCAUC determines the
probability that the model will produce a larger value for a randomly selected positive
instance than for a randomly chosen negative instance. This statistical measurement
detects small differences between groups but is more sensitive than Q2 and DQ2. Q2 is
calculated as one minus the predicted error sum of the squares divided by the total sum of
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the squares of the response vector y (Q2 = 1 - PRESS/TSS). (36) In this case, y= ±1. If the
values are outside of the discrimination border, > 1 for +1 and < -1 for -1, a discriminant
Q2 denoted as DQ2 is used. For example, in the event of a value of 1.2, Q2 is disregarded.
Therefore, DQ2= 1-PRESSD/TSS, where PRESSD is the predicted error sum of squares
discriminant/total sum of squares. R2 is the coefficient of determination and is s
statistical evaluation of the closeness of data points to a regression curve.

(36)

Based upon

table 7, this chemometric model successfully validates the Raman Spectroscopy
discrimination of IMFs and other impurities in the mock street sample (Table 7).

A.

B.
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C.

Figure 13. Raman spectrum of a mock IMF street sample containing fentanyl,
diphenhydramine, and acetaminophen in a 1:2:20 mass ratio, in the following spectral
ranges A) 100-1000 cm-1, B) 1000-2000 cm-1, and C) 2000-4000 cm-1 (mix 4 in
Appendix D).
Upon addition of a third, licit drug (acetaminophen) to the IMF mock street
sample described above (fentanyl and diphenhydramine), the Raman pattern became
complex. A closer analysis of this spectrum shows that most of the peaks correspond to
acetaminophen, which is the largest contributor to the total mass of the mixture (1:2:20
mass ratio of fentanyl: diphenhydramine: acetaminophen). The acetaminophen bands
appear at 420, 466, 508, 628, 657, 711, 801, 857, 974, 1110, 1237, 1286, 1328, 1375,
1455, 1525, 1564, 1609, and 1655 cm-1. Despite its low mass, discriminatory fentanyl
bands could still be detected at 220, 420,1260,1455, and 1609 cm-1. However, overlaps
with other diphenhydramine (1260 cm-1) or acetaminophen peaks alone (420, 1455, and
1609 cm-1) occurred for most of these bands except the 220 cm-1 peak, which might serve
as a discriminator for larger mixture as it is well separated and defined. Distinct, isolated
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diphenhydramine bands were observed at 508, 657, 1260, and 1655 cm-1. However,
contributions to these Raman peaks from acetaminophen cannot be excluded. Thus,
chemometric methods for multivariate analysis must be considered here for further
discrimination and quantification of multicomponent contributions.

A.

B.

C.
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Figure 14. Raman spectrum of a mock IMF street sample containing fentanyl,
diphenhydramine, and acetaminophen in a in 1:2:20 mass ratio measure through saran
wrap in the following spectral ranges A) 100-1000 cm-1, B) 1000-2000 cm-1, and C)
2000-4000 cm-1 (mix 5 in Appendix D).

One of the issues with accidental exposures occurring in first responders is that
they often swab the actual IMFs to check for identification of the unknown drug or
mixture. By swabbing, the first responders risk encountering airborne particles.
Sometimes while in the process of taking care of overdose victims, accidental exposure
occurs. If there was a preventative method of checking the unknown substance prior to
treating overdose victims, accidental exposures could be avoided.
If the IMF is packaged, figure 11 shows a clear representation of a Raman scan
through Saran wrap. The decrease in sensitivity is about 20%, but the components of the
mixture can be clearly detected through a barrier. That provides an extra level of safety
for first responders and allows for a clear estimation of the components and concentration
of unknown drug mixes if chemometric analysis is incorporated.
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IV.

CONCLUSION

Aim 1 was accomplished by obtaining university, state and federal approval to
purchase, store and conduct research on IMFs. Based upon those guidelines, a protocol was
developed and implemented to ensure the integrity of the research. A research binder was
compiled with legal and standard operating procedures and licensures included to date and
ensures that all legal documentation is readily available for impromptu state and federal
inspections. Training was obtained for preventative accidental exposure measures through
Project DAWN, or Death Avoided With Naloxone. This training instructed researchers and
other team members how to administer Narcan, the nasal version of Naloxone, in the event
of accidental exposure.
Aim 2 was accomplished by meeting with the collaborators and using their
information to determine specific needs for the research, and creating a model for the
identification of specific, discriminatory Raman marker bands for each drug. Through the
collaboration, plans for chemometric identification of mock street sample mixes comprised
of illicit, licit and cutting agents have been implemented, and initial confirmatory matches
of the generated discriminatory marker bands have been identified using Raman
Spectroscopy and chemometric data analysis.
From the results obtained, a PLS-DA model may be trained to identify various
components in unknown mixtures. By incorporating SERS, an increase in specificity,
selectivity and sensitivity may be obtained, and may possibly provide a method of
identification of drugs and toxins, such as arsenic, cyanide, ecstasy, phencyclidine (PCP)
and strychnine, that may be missed by crime laboratories. Further data will be used to
develop a comprehensive, discriminatory Raman library that can be implemented in field
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and laboratory applications. Incorporating SERS will provide a means to discriminate
between fentanyl, illicitly manufactured fentanyl analogs, and other drugs of abuse in
unknown mixtures. Minimal sample preparation and rapid analysis time can provide data
in minutes, making this an optimal tool for first responders and forensic laboratories
worldwide.
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